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Since the development of the World Health Organization (WHO) Air Quality Guidelines for Europe, a large number of epidemiologic studies have
been published documenting effects of major air pollutants on health at concentrations below existing guidelines and standards. In this review,
recent studies are discussed that permit some evaluation of short-term health effects observed at exposure levels lower than the current WHO
Guidelines or U.S. Environmental Protection Agency (U.S. EPA) standards. Some studies have been conducted at concentration levels that never
exceeded existing guidelines or standards. Other studies have been conducted at exposure levels sometimes exceeding current guidelines or stan-
dards. The published analyses of several of these studies permit evaluation of low-level health effects either because analyses were restricted to
levels not exceeding the guidelines or graphic analyses were reported suggesting effects at these low levels. For ambient ozone, effects on lung
function of subjects exercising outdoors have now been documented at 1-hr maximum levels not exceeding 120 pg/m3, i.e., half the current U.S.
EPA standard. One study even suggests that such effects occur at levels below 100 pg/m3. Several studies are now available documenting effects
of particulate air pollution on health in the virtual absence of SOL. Effects on mortality and hospital admissions for asthma have been documented at
levels not exceeding 100 pg/m3, expressed as 24-hr average inhalable particles PM10 concentration. Effects on lung function, acute respiratory
symptoms, and medication use have been found at 24-hr average PM10 levels not exceeding 115 pg/m3. When the WHO Air Quality Guidelines
and the U.S. EPA standard for PM10 were developed, there were no studies available on health effects of PM10. In this review, we include nine
studies documenting health effects of measured PM10 at low levels of exposure, indicating that there is now an entirely new epidemiologic data-
base that can be evaluated in the process of revising current guidelines and standards. The low levels of exposure at which effects on health were
seen underscore the urgent need for such reevaluations. - Environ Health Perspect 103(Suppl 2):3-13 (1995)
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Introduction
Air quality guidelines and standards for the
major air pollutants ozone, sulfur doxide,
nitrogen dioxide, and suspended particulate
matter are based on evidence from con-
trolled animal exposure and controlled
human and epidemiologic studies. For
example, in the World Health Organization
(WHO) Air Quality Guidelines for Europe
(1), the quantitative evaluation of health
risks ofSO2 and suspended particulate mat-
ter is largely based on epidemiologic studies;
the evaluation of health risks of ozone is
based on a mixture of animal and human
experiments and of epidemiologic studies;
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and the evaluation for NO2 is based mostly
on animal and human experiments and to
some extent on epidemiologic studies of
indoor NO2 exposure. The U.S.
Environmental Protection Agency (U.S.
EPA) Air Quality Standards for ozone and
particulate matter in air are also clearly
influenced by results ofepidemiologic stud-
ies (2,3). Epidemiologic studies are particu-
larly important in defining minimum con-
centrations at which adverse effects on
health are detectable. Nevertheless, because
actual exposures are always to mixtures of
pollutants, epidemiologic studies may not
be able to explicitly define the causal agent
in the mix of air pollutants. The composi-
tion of these mixtures varies in time and
space, so that the relationship between mea-
sured concentrations of "indicator compo-
nents" and health effects found in epidemio-
logic studies may also vary in time and
space. This calls for critical appraisal ofnew
research findings, especially those obtained
in studies conducted exclusively or mostly at
concentration levels below current guide-
lines. The purpose ofthis paper is to review
epidemiologic studies published after the
publication of the WHO Air Quality
Guidelines for Europe in 1987, focusing on
epidemiologic studies conducted at low lev-
els ofthe aforementioned major ambient air
pollution components. We will also restrict
ourselves to investigations ofeffects ofshort-
term changes in air pollution because we
feel that a discussion ofeffects oflong-term
exposure requires a different approach with
regard to treatment ofpotential confounders
and other issues, which would extend both
the scope and the length of this discussion
beyond a reasonable length.
In the following sections, we will first
give an admittedly somewhat arbitrary def-
inition of "low levels" of air pollution.
Then we will identify epidemiologic stud-
ies published after 1986 that provide infor-
mation on health effects at these low con-
centration levels. We will briefly discuss
the results of these studies, asking to what
extent the findings suggest that adverse
health effects occur at low levels ofambient
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air pollution. The validity of the study
results will be discussed with respect to
exposure assessment, treatment of time-
varying potential confounders, and statisti-
cal treatment ofthe data.
Short-term changes in air pollution
concentrations have typically been associat-
ed with changes in mortality, hospital or
emergency room admissions, incidence,
duration or exacerbations of respiratory
and other symptoms, and changes in lung
function indices. We will evaluate studies
looking at these effects, in an attempt to
establish whether there is coherence in
observed effects (4).
Ozone
For ozone, theWHO Air Quality Guidelines
specify that effects on human health such as
pulmonary function changes and increased
respiratory symptom reporting can be expect-
ed in exercising subjects at 1-hr average con-
centrations exceeding 160 to 200 /m3. A
1-hr guideline in the range of 150 to 200
/m was suggested (1). The current U.S.
EPA standard is 240 pg/mi3 (2). We will
therefore evaluate studies conducted at 1-hr
concentrations notexceeding240 /im3.
Mortality
For ozone, no studies were identified that
permit analysis ofeffects oflow concentra-
tions of ozone or total photochemical oxi-
dants on mortality. A recent analysis by
Kinney and Ozkaynak (5) suggested that
in Los Angeles, daily mortality is associated
with photochemical oxidants, but concen-
trations of ozone frequently exceeded 240
pg/M3 in the observation period (1970-
1979), and the authors did not attempt to
censor or otherwise analyze the data to
investigate whether effects persisted at low
levels ofexposure.
HospitalAdmissions
Ponka studied asthma admissions in
Helsinki, Finland, over a 3-year period
(6). Ozone concentrations were low and
ranged from 0 to 90 pg/m3 only. Other
pollutants were low also, with the excep-
tion of total suspended particulate matter
(TSP), which ranged from 6 to 414
pg/m3 in the period of observation. After
adjustment for temperature, asthma
admissions to hospital were found to be
related to ozone and several other pollu-
tants. In a model containing temperature,
NO, NO2, CO, SO2, ozone, and TSP
simultaneously, NO, ozone, and CO alone
were significant predictors ofasthma visits.
Thurston et al. (7) studied the rela-
tionship between hospital admissions and
air pollution in three New York State met-
ropolitan areas in 1988 and 1989. In 1988,
maximum hourly ozone concentrations
ranged from 296 to 412 pg/M3 in the
investigated areas, whereas in 1989, maxi-
mum concentrations were between 222
and 256 pg/m3. A significant effect of
ozone, with time lags ranging from 1 to 3
days, was found on total respiratory and
asthma admissions in 1988. The authors
reported that in 1989, coefficients were
similar to those obtained in 1988, though
not always significant. No specific analysis
ofeffects at low levels was done. Since the
maximum ozone concentrations per area
were either slightly below or slightly above
240 pg/m3, these results suggest that effects
of ozone on hospital admissions occur at
levels below 240 pg/m3, but they do not
permit a definitive conclusion. No attempt
was made to separate ozone effects from
effects ofother components in the mixture
(sulfate and strong aerosol acidity) that
were also significantly associated with total
respiratory and asthma admissions.
A similar study was done in Toronto in
1986 to 1988 (8). Asthma admissions
were found to be related to ozone, and
results were not changed when all days
with concentrations exceeding 240 pg/m3
were removed from the analysis. No
attempt was made to separate ozone effects
from effects of other components in the
mixture (sulfate and strong aerosol acidity)
that were also significantly associated with
asthma admissions.
LungFunction andOtherEffects
Avol et al. (9) exposed 66 exercising chil-
dren in a chamber to either ambient or
purified air. Ambient air contained ozone
at 226 (± 6) pg/m3, whereas in purified air,
ozone was only 6 pg/m3. No effect of
ambient air on group mean lung function
was observed, but when individual lung
function data were regressed on estimated
individual ozone doses, a significantly neg-
ative relationship emerged. To what extent
these effects can be attributed solely to
ozone is not clear; the ambient air the chil-
dren were exposed to also contained rela-
tively high concentrations oftotal suspend-
ed particulate matter at 188 (±62) pg/m3,
but no regressions ofindividual lung func-
tion on individual estimated TSP doses
were reported.
Spektor et al. (10) studied the relation-
ship between ozone exposure and lung
function changes in normal children partic-
ipating in a summer camp. Ozone concen-
trations never exceeded 240 pg/m3. The
lung function indices forced vital capacity
(FVC), forced expiratory volume in 1 sec
(FEV1), peak expiratory flow (PEF), and
maximum mid expiratory flow (MMEF)
were all significantly and negatively associ-
ated with the ozone concentration in the
hour preceding the lung function test.
Notably, these results did not change when
ozone concentrations exceeding 120 or 160
pg/m3 were excluded from the analysis. The
mean regression coefficient for PEF is -3.4
ml/sec/pg/m3. The coefficient for PEF
decreased to -2.0 ml/sec/pg/m3 after exclu-
sion ofconcentrations over 120 pg/mi3.
In another summer camp study,
Spektor et al. (11) found results essentially
the same as those obtained earlier (10).
Maximum 1-hr ozone concentrations
reached 300 pg/m3, but the results of the
regression analysis remained unchanged
when ozone concentrations over 240 pg/m3
were excluded from the analysis.. In this
study, a significant relationship also was
found between lung function measured in
the morning and the maximum 1-hr peak
ozone concentration of the previous day,
suggestingsome persistence ofthe effect.
Berry et al. (12) studied children and
counselors in two summer camps. Cough
was reported twice as frequently, and eye
irritation about one-and-a-halftimes as fre-
quently on days with 1-hr maximum ozone
concentrations in the range of 160 to 240
pg/m3, compared to days with ozone con-
centrations lower than 160 pg/mi3.
Numbers were small, however, and none of
these differences reached statistical signifi-
cance.
Thurston et al. (13) studied PEF and
asthma symptoms daily in a weeklong
summer camp for asthmatic children in
1991 and 1992. In 1991, significant effects
ofozone on PEF and asthma exacerbations
were found at concentrations ranging up to
320 pg/m3. In 1992, the maximum 1-hr
ozone concentration was only 126 pg/mi3,
and no effects on PEF and asthma exacer-
bations were seen.
Kinney et al. (14) studied 154 school
children in the spring of 1981. The chil-
dren had 4 to 6 lung function tests over a
period of 2.5 months. Ozone 1-hr maxi-
mum concentrations on those days ranged
from 14 to 156 pg/m3. There was a signifi-
cantly negative relationship between ozone
and various indices of lung function,
including FVC, FEV1, and MMEF. PEF
was not measured in this study.
Krzyzanowski et al. (15) measured PEF
three times a day in a population of 287
children and 523 adults living in Tucson,
over 2-week periods for each subject.
Subjects were studied during normal daily
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activities. Ozone concentrations ranged
from 30 to 184 jig/m3 (1-hr maximum)
during the observation period. PEF in chil-
dren and adults was related to ozone con-
centrations; and for children, a mean coef-
ficient of-1.0 ml/sec/pg/m3 was estimated,
with larger effects seen among the asthmat-
ics. The subjects in this study were not
outdoors as much, and were not physically
active as much as in the summer camp
studies, which could explain the smaller
mean coefficient. In addition to the lung
function effects, a 30% increase in allergic
or irritant symptoms (eye irritation or
runny nose) was seen when the 8-hr maxi-
mum ozone concentration on the previous
day was over 110 pg/n3, as opposed to
below 110 pg/m3.
Hoek et al. (16,17) studied five hun-
dred thirty-three 6- to 12-year-old chil-
dren in Netherlands in the spring and
early summer of 1989. Spirometry was
repeatedly performed during school hours
within this period on each child. Ozone
concentrations ranged from 7 to 237
pg/mr3 in the observation period. The chil-
dren were studied in a period when they
were going to school and outdoor play was
limited to a few afternoon hours at most
on most days. All lung function indices-
FVC, FEV1, PEF, and MMEF-were sig-
nificantly and negatively associated with
the 1-hr maximum ozone concentration of
the previous day. The mean slope for PEF
3 was estimated at -1.72 ml/sec/lpg/mr
There was no relationship between ozone
levels and reports of acute respiratory
symptoms.
In another study conducted in
Netherlands, Hoek et al. (18) measured
PEF before and after exercise in children
participating in sports training or competi-
tions. Ozone concentrations (1-hr maxi-
mum) during exercise were all below 240
pg/mr3. PEF change over the exercise peri-
ods was not related to ozone, but PEF after
exercise was found to be related to the 1-hr
maximum ozone concentration measured
on the previous day. Ozone concentrations
were found to be highly correlated with
ambient temperature for some children.
After exclusion ofdata obtained from chil-
dren with ozone-temperature Pearson cor-
relations higher than 0.6, a significantly
negative mean slope of-1.7 ml/sec/pg/m3
for PEF on previous-day ozone was esti-
mated. Exercise levels were judged to be
low in this study, which may explain why
effects of ozone concentrations observed
during exercise were not seen.
Spektor et al. (19) studied a group of
30 adults exercising for 15 to 55 min out-
doors in air containing ozone concentra-
tions ranging from 42 to 248 pg/m3. There
was a significantly negative relationship
between ozone and lung function in this
study, which persisted after all ozone con-
centrations higher than 160 pg/m3 were
excluded from the analysis. The mean
regression coefficient for PEF of -4.6
ml/sec/pg/m3. The coefficient for PEF
decreased to -3.3 ml/sec/pg/m3 after exclu-
sion ofconcentrations over 160 pg/mr3.
Korrick et al. (20) studied lung func-
tion changes in subjects hiking up Mount
Washington in New Hampshire under
varying ozone exposure conditions. Ozone
concentrations (1-hr maximum) ranged up
to 188 pg/m3. Changes in FVC and FEVI
over the hiking period were found to be
significantly associated with the ozone con-
centration, and changes were found to
increase with increasing hike duration and
with a history ofwheeze.
Brunekreef et al. (21) studied a group
ofamateur cyclists in the summer of 1991
repeatedly during training and competi-
tion in Netherlands. Mean exercise dura-
tion was 75 min (mostly in the late after-
noon or early evening). Ozone concentra-
tions during exercise never exceeded 200
3 pg/m , and in only 3.6% ofobservations a
value of 160 pg/m3 was exceeded. Lung
function changes over the exercise periods
were found to be significantly associated
with ozone concentrations, with a mean
3 coefficient for PEF of-3.9 ml/sec/pg/mr
After excluding all ozone concentrations
larger than 120 pg/m3, the coefficients
remained unchanged. Ozone exposure was
also found to be related to an increase in
symptom reporting, notably, shortness of
breath, chest tightness, and wheeze.
In a study conducted in Switzerland,
Braun-Fahrlander et al. (22) studied effects
ofozone on lung function in children exer-
cising for only 10 min in ambient air.
Ozone concentrations ranged from 40 to
157 pg/m3. A significant relationship
between ozone and PEF was found, with a
mean slope of-1.3 ml/sec/pg/mr3.
Table 1 summarizes the results of the
studies on ozone that were discussed in this
section. Studies ofthe association ofozone
with increased mortality at levels below
240 pg/m3 have not been performed.
There is some evidence that at concentra-
tions lower than 240 pg/mr3, hospital
admissions for asthma and other respirato-
ry conditions are increased.
A fairly large number of recent studies
document that changes in lung function
occur at ozone levels sometimes well below
3 240 pg/m . Nine studies were identified
that were entirely conducted at ozone 1-hr
maximum concentrations below 240
pg/m3 (10,13-22). In three studies, ozone
concentrations never even exceeded 160
pg/mr3 (13,14,22). In one of the latter
studies (13), no effect of ozone on lung
function of asthmatic children was found,
but the other two documented statistically
significant effects even at these low levels of
exposure. Some studies have reported
analyses restricted to ozone concentrations
below certain cutoff points. Even at con-
centrations lower than 160 (19) or 120
(10,21) pg/M3, significant effects ofozone
on lung function were seen in exercising
subjects. These recent studies extend the
range ofozone concentrations found to be
associated with lung function changes to
levels well below 240 pg/mr3 and also to
levels well below the 150 to 200 pg/mr3
Table 1. Summary of studies relating hourly ozone concentrations of less than 240 pg/M3 with specific effects on
human health.
Category of health effects
Concentration
<100
<240
<240
<240
<240
<240
<240
<240
<200
<200
<160
<160
<160
<160
<120
<120
Hospital admissions Symptom exacerbations Lungfunction changes
?
+
+
+
+
+
+
+
+
+
+
Reference
PonkW (6)
Thurston et al. (7)
Thurston etal.(8)
Avol et al. (9)
Spektor et al. (11)
Berry etal. (12)
Hoek(16); Hoek etal. (17)
Hoek etal. (18)
Krzyzanowski et al. (15)
Korrick et al. (20)
Spektor et al. (19)
Kinney et al. (14)
Thurston et al. (13)
Braun-Fahrlander etal.(22)
Spektor et al. (10)
Brunekreefetal.(21)
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range suggested by WHO (1) in 1987 for
a proper 1-hr Guideline value.
In experimental studies, the lowest level
at which significant effects of ozone on
lung function ofexercising subjects has
been reported is 160 pg/mi, for a multi-
hour exposure (23). The results of recent
epidemiologic studies suggest that at lower
levels, effects on lung function are still
observable.
Particles and Sulfur Dioxide
Sulfur dioxide and particulate matter were
evaluated jointly in the WHO Air Quality
Guidelines on the basis of the observation
that they usually occur together, represent-
ing a complex mixture dominated by prod-
ucts offossil fuel combustion (1). The dis-
cussion ofshort-term effects led to the eval-
uation that excess mortality could be
expected to occur at 24-hr levels of SO2
and black smoke both exceeding 500
pg/m3. Likewise, excess morbidity was sug-
gested to occur at SO2 and blacksmoke lev-
els both exceeding 250 pg/mi3, and tempo-
rary decrements in lung function were sug-
gested to occur at levels of TSP exceeding
180 pg/m3, in the presence ofelevated con-
centrations of SO2 (exact levels not speci-
fied). Although at the time no studies relat-
ing health effects to inhalable particles
(PM10) had been published, it was suggest-
ed that 180 pg/mi3 ofTSP would be equiva-
lent to 110 pg/mi3 of PM10. Taking into
account a margin of protection of about
1.5, 24-hr average guidelines of 125 pg/mi3
for SO2, in combination with 125 pg/mi3 of
black smoke, or 120 pg/m3 ofTSP, or 70
pg/m3 of PM1O, were proposed. In 1987,
the U.S. EPA promulgated a 24-hour
PM1O National Ambient Air Quality
Standard of 150 pg/m3 (3), without con-
sideration for concurrent levels ofSO . We
will focus on studies conducted at 54-hr
SO concentrations not exceeding 200
pg/m3, black smoke and TSP levels not
exceeding 200 pg/m3, and PM10 levels not
exceeding 150 pg/m , either alone or in
combination.
As many recent studies have empha-
sized that particles may exert adverse effects
on health in the absence of high levels of
SO2, studies on particles will be discussed
first, and studies on SO2 afterward.
Particles
Mortality
Several recent studies have addressed the
relationship between particulate air pollu-
tion and daily mortality at low levels of
exposure (24-29).
Schwartz and Marcus reanalyzed mor-
tality data from London (24) for the win-
ters of 1958 to 1972. In a graphic analysis,
they found no evidence for a threshold in
the relationship between black smoke and
total daily mortality, down to the lowest
levels of20 pg/m3. No interaction between
black smoke and SO2 was found, and after
adjustment for weather variables and SO2,
the effect of smoke remained significant,
whereas there was no independent effect of
So2 after adjustment for black smoke. The
graphic analysis suggesting effects at very
low levels was not supported by a specific
statistical analysis using censored data, so
that it remains unclear what the lowest
level of black smoke was below which sig-
nificant relationships between air pollution
and daily mortality could be found.
Schwartz (25) analyzed the relationship
between air pollution and daily mortality
in Detroit, for 1973 to 1982. TSP was
measured every sixth day, and its value for
the other days was estimated from a regres-
sion model containing visibility data and
other variables. A significant relationship
between TSP and mortality was found that
was independent ofother pollutants (ozone
and SO ) and of weather variables. No
independent effects ofeither ozone or SO
were found. A graphic analysis suggested
that there was no threshold to this effect.
After excluding all TSP values under 46
and over 137 pg/m3, the results were
unchanged, suggesting that effects on mor-
tality are observable at 24-hr average TSP
levels below 137 pg/m3. The estimated
magnitude of the effect was a 6% increase
in mortality associated with a 100 pg/m3
increase in TSP.
Pope et al. (26) studied daily mortality
in relationship with PM1O pollution in
Utah Valley for the period ofApril 1985 to
December 1989. A local steel mill is a
major source ofparticulate air pollution in
the area, in which concentrations ofozone,
SO2, and NO are generally low. Respira-
tory and cardiovascular mortality were
found to be related to PM10. Average 24-
hr concentrations ranged up to 365 pg/mr3
in the observation period, but a graphic
and tabular analysis suggested that effects
on mortality could be seen at levels below
3 100 pg/M . No statistical evaluation using
censored data was made, however.
Schwartz and Dockery (27) studied
mortality in Philadelphia over the years
1973 to 1980. The second-highest 24-hr
average TSP concentration in this period 3 was 222 pg/m . Daily mortality was found
to be related to TSP. There was no interac-
tion with SO2, and the effect of TSP was
independent ofSO . The estimated effects
were larger for respiratory and cardiovascu-
lar deaths than for other diagnoses, and
they were also larger for subjects over 65
years of age than for younger subjects. A
graphic analysis suggested that the effect
was already detectable at levels below 100
pg/mr3, but no attempt was made to do an
analysis with data censored to below cer-
tain cutoffpoints forTSP.
The same authors have also published a
very similar analysis ofmortality data from
Steubenville, Ohio (28). Again, a graphic
analysis suggested effects of TSP on mor-
tality at levels below 100 pg/mi3; but no
censoring was applied to the data that
would permit identification of a threshold
level below which no significant relation-
ship between mortality and TSP exists.
Dockery at al. (29) have also published
an analysis of daily mortality in St. Louis,
Missouri, and the counties surrounding
Kingston/Harriman, Tennessee. During
the period of observation (September
1985-August 1986), 24-hr average PM10
levels ranged from 1 to 97 pg/m3 in St.
Louis, and from 4 to 67 pg/m3 in
Kingston/Harriman. Even at these low
levels, a relationship between PM10 and
mortality was found that was statistically
significant for St. Louis. The estimated
coefficient for Kingston/Harriman was
insignificant, but of similar magnitude. A
number of gaseous air pollution compo-
nents (SO2, NO2, ozone) were evaluated
as well, but none ofthese was found to be
significantly associated with mortality.
HospitalAdmissions
Schwartz et al. (30) investigated the varia-
tion in daily visits to hospitals or pediatri-
cians for croup symptoms and obstructive
bronchitis in children in five German
towns in the mid-1980s. Maximum pollu-
tant concentrations were not given, but 90-
percentiles for TSP ranged from 41 to 118
pg/mi3 in the five cities, suggesting that
most if not all of the concentrations were
lower than 200 pg/mi3 in the period of
observation. Visits for croup (but not for
obstructive bronchitis) were found to be
associated with TSP, NO2, and SO2 in
models containing only one pollutant. In
two-pollutant models, SO2 and NO
became insignificant, whereas TSP
remained significant in the model also con-
taining SO . A graphic analysis suggested
that at TSP levels below 100 pg/m , the
risk ofcroup increased.
Diaz-Caneja et al. (31) studied hospital
admissions for chronic obstructive pul-
monary disease (COPD) in Santander,
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Spain, in relation with daily SO2 and black
smoke concentrations. The mean and
range of the pollutant concentrations were
not given, but COPD admissions were
found to be related to both SO2 and black
smoke. A graphic analysis suggested that
admissions were already increased at black
smoke levels exceeding 40 pg/m3. There
was also a relationship with SO2, but this
appeared to be less strong than for black
smoke. No attempt was made to separate
the two pollutants in the analysis.
Sunyer et al. (32,33) studied emer-
gency room admissions for COPD in
Barcelona, Spain. Black smoke concentra-
tions ranged from 39 to 310 pg/mi3, and
SO2 from 17 to 160 pg/m3. A significant
relationship between the number of emer-
gency room admissions and both SO2 and
black smoke was found. The relationship
persisted when all SO2 concentrations
above 72 pg/mi3 were removed from the
analysis and also when all black smoke
concentrations over 100 pg/mi3 were
removed. The relationships with SO2 and
black smoke appeared to be independent of
each other, and the relationship with SO2
was apparent in all seasons, whereas the
relationship with black smoke was most
clear in winter.
Schwartz et al. (34) studied hospital
emergency room visits for asthma in Seattle
over a 13-month period from September
1989 to September 1990. Average 24-hr
PM10 concentrations ranged from 6 to
3 103 pg/m . Asthma visits bysubjects under
65 years ofage were significantly associated
with PM10 measured on the previous day,
after adjustment for weather variables and
a number of other potential confounders.
A graphic and tabular analysis suggested
that an increase in asthma visits could
already be observed at levels below 24
pg/m3. SO2 and ozone were not found to
be related to asthma visits. SO? concentra-
tions never exceeded 81 pg/mi , and ozone
data were only available for a 4-month
periodwithin the period ofobservation.
Walter et al. (35) studied hospital
admissions for asthma and acute respirato-
ry disease over a 2-year period in
Birmingham, England. Air pollution expo-
sure was expressed as weekly average black
smoke and SO2 concentrations. Black
smoke concentrations ranged from 10 to
over 60 pg/mi, SO2 concentrations from
20 to 100 pg/m3. Significant relationships
were found between hospital admissions
and daily as well as weekly black smoke
and SO2 concentrations in the winter peri-
od. These relationships were found to be
independent ofweather conditions. There
was no attempt to separate effects ofblack
smoke from those ofSO2.
LungFunctionandOtherEffects
Ostro et al. (36) studied a panel of asth-
matic patients in Denver, Colorado, in the
winter of 1987/1988. Average 24-hr con-
centrations of PM2.5, a measure of res-
pirable particulate matter, ranged from 1
3 to 73 pg/m . PM2.5 concentrations were
found to be related to asthma rating in this
panel after adjustment for autocorrelation,
temperature, and a number ofother poten-
tial confounders.
Forsberg et al. (37) studied a panel of
asthmatic patients living in northern
Sweden. In the area, wood is used extensive-
ly for residential heating. In the period of
observation (March and April), SOz con-
centrations ranged from 1 to 13 pg/i, and
black smoke from 1 to 21 pg/m3. Daily
reports ofshortness ofbreath were related to
black smoke after adjustment for weather
variables. In one location 1 km away from
the study area, 12-hr TSP samples were
taken, and a maximum concentration of
101 pg/m3 was found, suggesting that the
actual particle mass concentration may have
been much higher than the black smoke
concentration in the area.
Braun-Fahrlinder et al. (38) studied
daily changes in respiratory symptoms in
625 young children living in two Swiss
cities. Average 24-hr TSP levels ranged
from 30 to 117 pg/m3. The reported inci-
dence of upper respiratory symptoms was
found to be associated with TSP concen-
trations measured on the previous day. A
graphic analysis suggested that this effect
could be observed at TSP levels well below
3 100 pg/M .
Pope et al. (39) studied daily changes
in lung function and acute respiratory
symptoms in a panel of subjects living in
Utah Valley, Utah, where a large steel mill
causes increased concentrations of PM10
but not of other pollutants. Subjects
included a sample ofwheezing school chil-
dren and a sample ofasthma patients 8 to
72 years of age. The observation period
included the winter months of 1989/1990.
The 24-hr PM10 concentrations ranged
from 11 to 195 pg/m3, and on only 2 days,
a concentration of 150 pg/M3 was exceed-
ed. PEF was found to be related to PM10
concentrations in the preceding days.
Respiratory symptoms and asthma medica-
tion used increased with increasing PM10
concentrations in the school-based sample
of children. In the asthma patients, only
the use of extra asthma medications was
found to be associated with PM10. After
excluding the 2 days with PM10 concen-
trations over 150 pug/m3, the highest PM1O
concentration was 114 pg/m . The rela-
tionship between PEF and PM1O remained
unchanged after this exclusion.
Pope and Dockery (40) studied panels
ofsymptomatic and asymptomatic children
in Utah Valley in the winter of 1990/1991.
The 24-hr PM10 concentrations ranged
from 7 to 251 pg/mi. On 14 days during
the study period, a level of 150 pig/m3 was
exceeded. PEF was decreased, and the
reporting ofrespiratory symptoms increased
in both panels when PM10 concentrations
increased. All observations from days with
or immediately following days with PM1O
concentrations over 150 pg/m3 were
excluded from some of the analyses. The
results remained essentially unchanged. A
tabular analysis further suggested that PEF
was decreased, and respiratory symptoms
increased, at PM10 concentrations exceed-
3 ing 39 pg/m .
In another study from the Utah Valley,
Ransom and Pope (41) investigated ele-
mentary school absences in relationship to
PM10 pollution over a period of 6 years,
1985 to 1990. The highest PM1O concen-
tration observed in this period was 365
pg/m3, and exceeded 150 pg/m3 on
approximately 10 days each year. School
absenteeism was found to be related to 4-
week moving average PM10 concentra-
tions, after adjustment for weather vari-
ables and a number ofother potential con-
founders. The relationships generally
remained after excluding observations
obtained on days when PM10 had exceed-
ed 150 pg/mi3 within the previous 4 weeks.
Roemer et al. (42) studied a panel of
children with chronic respiratory symp-
toms in Netherlands in the winter of
1990/1991. Average 24-hr PM10 concen-
trations exceeded 150 pg/m3 on 1 day only
in the observation period, reaching 171
32 Pg/m3. SOg levels were never higher than
105 pg/m, and black smoke concentra-
tions (24-hr averages) ranged from 2 to
120 pg/m3. Daily changes in PEF, asthma
attacks, wheeze, and bronchodilator use
were found to be associated with PM10,
black smoke, and SO2. A tabular analysis
suggested that effects on wheeze and bron-
chodilator use were observable from con-
3 centrations exceeding 40 pg/m . SO2,
black smoke, and PM1O were highly corre-
lated in this data set, so that effects ofpar-
ticles andSO2 could not be separated.
A group ofschool children not partici-
pating in the above study was investigated
in this period with repeated spirometry
(43,44). FVC and FEV1 were associated
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with PM10, SO , and black smoke. There
was no relationship between air pollution
and acute respiratory symptoms in this
panel.
Hoek and Brunekreef (45) studied
panels ofschool children in the winters of
1988 to 1990 in Netherlands. All children
were tested repeatedlywith spirometry over
periods of about 10 to 15 weeks. In the
observation period, 24-hr PM10 concen-
trations ranged from 14 to 126 pg/M3,
SO2 from 0 to 94 pg/m3, and NO2 from 2
3 to 70 pg/m . PEF and MMEF were found
to be negatively associated with PM1O and
NO2 concentrations measured either on
the same day or the day before the lung
function tests, after adjustment for ambi-
ent temperature.
Table 2 summarizes the results of the
studies on particles that were discussed in
this section. These studies indicate that
increases in daily mortality have been found
in a situation where measured PM10 con-
centrations never exceeded 100 pg/mi3 (29),
in a situation where TSP concentrations
were censored to below 137 pg/m3 (25), in
three situations where a graphic analysis
suggested that effects onmortalitywere pre-
sent at levels below 100 pg/m of either
PM1O (26) or TSP (27, 28). A reanalysis
ofdata from London further suggested that
daily mortality was related to black smoke
without evidence of a threshold at levels
down to 20 pg/mi3 (24).
Hospital admissions for respiratory dis-
orders were found to be related to low con-
centrations ofparticles in five studies. Most
convincing are the studies from Seattle
(34), where measured PM10 levels never
exceeded 103 pg/mi3 and Birmingham,
England (35), where the weekly average
black smoke concentration never exceeded
60 pg/m3. Studies from Barcelona have
documented effects at black smoke levels
censored to below 150 pg/m3 (32,33), and
a study from Germany suggested effects on
hospital and pediatrician croup visits at
TSP levels below 100 pg/mi3 by graphic
analysis (30).
Effects ofparticulate pollution on acute
respiratory symptoms, lung function, and
school absenteeism have been found in sev-
eral recent studies. Some ofthese were con-
ducted entirely at concentration levels:
black smoke < 120 rg/m3 (42-44), black
smoke <25 pg/m (37), PM1O < 130
pg/m3 (45). Other studies have employed
censoring in the analysis of the data: to
below 150 pg/mi3 PM10 (40,41) or <115
pg/m3 (39). One study (38) suggested
effects on acute respiratory symptoms at
TSP levels below 100 pg/m by graphic
analysis.
The variety of particulate air pollution
measures employed in these studies makes
evaluation in terms ofone single indicator
somewhat problematic. Relationships
between the three primary indicators
PM10, TSP, and black smoke have been
suggested (46) as PM10 BS and
PM10
- TSP x 0.55. A proportionality
between PM1O and PM2.5 of0.6 was sug-
gested. However, such relationships may
vary from place to place and with time,
Table 2. Summary of studies relating 24-hr average particle concentrations of less than 200 pg/mr3(TSP or black
smoke) or 150 pg/mr3 (PM10) with specific effects on human health.
Category of health effect
Hospital Symptom Lungfunction
Concentration Mortality admissions exacerbations changes Reference
?(BS) + Schwartz and Marcus (24)
<137, TSP + Schwartz(25)
<100(PM10) + Pope et al. (26)
<100(TSP) + Schwartzand Dockery(27,28)
<100 (PM10) + Dockery et al. (29)
<100 (TSP) + Schwartz etal. (30)
? (BS) + Diaz-Caneja et al. (31)
<150 (BS) + Sunyer et al. (32,33)
<105(PM10) + Schwartz etal. (34)
<60(BS, weekly) + Walter et al. (35)
<115(PM10) + + Pope etal. (39)
<75(PM2.5) + Ostro etal. (36)
<100 (TSP) + Braun-Fahrl~nder etal. (38)
<150(PM10) + + Pope and Dockery(40)
<150(PM10) + Ransom and Pope(41)
<120(BS), <175(PM10) + + Roemer et al. (42)
Brunekreef and Hoek(43)
Hoek and Brunekreef(44)
<25(BS) + Forsberg et al. (37)
<130 (PM10) + Hoek and Brunekreef(45)
depending on the contribution of local
sources. Nevertheless, on the basis ofthese
relationships the data summarized in Table
2 suggest that particulate air pollution is
associated with daily mortality, hospital
admissions, symptom exacerbations, and
lung function changes at levels not exceed-
ing 100 pg/mi3, expressed as PM10.
Indeed, several of the graphic and tabular
analyses suggest that it is difficult to estab-
lish a threshold below which such effects
would not be found to be associated with
particles. So far, studies have simply not
been reported that have specifically ana-
lyzed associations between particles and
acute health events using cutoff points
below 100 pg/mi3.
Sulfur Oxide
Mortality
Mackenbach et al. (47) analyzed daily
mortality in Netherlands over the years
1979 to 1987, in relation to SO . In the
whole period, there were only 20days (out
of 3288) on which SO2 exceeded 200
3 pg/m . A graphic analysis suggested that
SO2 was related to daily mortality without
evidence for a threshold. However, after
adjustment for a range ofweather variables,
the SO2 effect changed sign into a signifi-
cant negative relationship with mortality.
The authors concluded that the unadjusted
relationship between SO2 and mortality
was entirely due to confounding byweather
variables. However, so manylagged weather
variables were entered into the analysis that
the significant relationship between
unlagged cold temperature and mortality
changed sign also, making the results ofthe
adjusted analysis rather difficult to inter-
pret. Data for particulate air pollution were
not available, so that it was not possible to
evaluate the association between particles
and mortality in this data set.
In Barcelona, mortality was found to be
associated with SO2 in the same period in
which relationships with hospital admis-
sions were found (48). A 100 pg/m3
increase of daily average SO2 concentra-
tions in summerwas found to be associated
with a 15% increase in cardiovascular mor-
tality. As reported (32,33), SO concentra-
tions never exceeded 160 pg/mi
HospitalAdmisions
Bates et al. (49) investigated hospital
emergency visits for respiratory conditions
in Vancouver, Canada, over a period of
more than two years in 1984 to 1986.
Pollution data were reported in graphic
form and were expressed as hourly rather
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than 24-hr data. The highest 1-hr maxi-
mum for S02 was about 300 pig/m , so it
can be assumed that the vast majority (if
not all) of the 24-hr averages were below
3 200 pg/mr. Respiratory and asthma visits
were found to be correlated with SO2 in
both the winter and the summer seasons.
No data on particles were reported.
Lipfert and Hammerstrom (50) ana-
lyzed hospital admission data obtained over
a 6-year period in southern Ontario,
Canada. Respiratory admissions were
found to be related to SO2 and ozone, at
concentrations that were said to be "gener-
ally within U.S. ambient standards," but
otherwise unspecified. Consequently, this
study cannot be used to make further
quantitative inferences.
The studies conducted by Sunyer et al.
in Barcelona (32,33) and Diaz-Caneja et
al. in Santander (31) have already been dis-
cussed; both studies found associations
between COPD admissions and low levels
ofSO2.
LungFunctionandOtherEffects
Vedal et al. (51) studied three panels of
children in the Chestnut Ridge region in
western Pennsylvania over an 8-month
period in the fall, winter, and spring of
1980/1981. Panels were selected to include
healthy children, wheezing children, or
children with chronic cough or phlegm
without wheeze. Maximum hourly SO
concentrations ranged from 18 to 17i
3 pg/mr. Maximum hourly NO and ozone
concentrations never exceeded 79 and 129
pg/M3, respectively. Neither acute respira-
tory symptoms nor PEF was found to be
related to pollutant concentrations.
However, the authors made adjustments for
symptoms reported on the previous day, or
for PEF on the previous day, in an attempt
to adjust for autocorrelation of the serial
symptom and lung function data. This may
have led to some overadjustment of the
findings. The results ofthis study are there-
fore difficult to compare to otherstudies.
P6nka (52) studied the incidence of
respiratory tract infections reported by
health centers, and absenteeism from
school or work in Helsinki in 1987. There,
24-hr SO2 values never exceeded 130
pg/m3. The incidence of upper respiratory
tract infections reported by the health cen-
ters was found to be related to SO2, after
adjustment for temperature. There was no
relationship with NO2; potential relation-
ships with TSP, known to be relatively
high in Helsinki, were not explored.
Moseholm et al. (53) studied a panel of
nonallergic asthmatic patients in two
Danish cities over an 8-month period in
the fall, winter, and spring of 1987 to
1988. SO concentrations never exceeded 32 81 pg/in, and NO2 concentrations were
all below 95 pg/m3 as 24-hr averages. To
take collinearity of some of the variables
and autocorrelation properly into account,
data were analyzed by a novel "neural net-
work" approach. The results suggested that
PEF decreased when either SO or NO
exceeded 40 pg/m3. No data on other pol-
lutants potentially covarying with SO2
and/or NO2 were given.
Table 3 summarizes the results of the
studies on SO discussed in this section.
The evidence ?rom these studies on low-
level effects of SO2 is less abundant and
strong than from studies on ozone and
particles. In the mortality study by
Mackenbach et al. (47), no adjustment
could be made for particulate air pollu-
tion, and the strategy followed to aggres-
sively adjust for weather variables seems
unbalanced. Adjustment for potential par-
ticle effects was absent from the hospital
admission study by Bates et al. (49) as
well. An independent effect of low SO
concentrations was found by Sunyer etZ.
in Barcelona (32,33). However, the
authors themselves comment that the mea-
sure ofparticulate matter they used (black
smoke) was poorly related to TSP, espe-
cially in summer; and it remains unclear to
what extent adjustment for potential parti-
cle effects was sufficient in their data.
Adjustment for potential confounding by
particles was done in none of the cited
studies looking at lung function and
symptom effects. Although some of these
studies suggested effects to occur at low to
very low levels of SO, the conclusions
with regard to SO wll have to remain
tentative in light othe generally stronger
evidence of effects of particles that are
independent ofeffects ofthe gaseous com-
ponents discussed in this section. Virtually
no studies have evaluated independent
effects oflow levels ofNO2 in the past few
years.
Discussion
In the last 6 years, many epidemiologic
studies have been reported that suggest that
dailyvariations in exposure to the major air
pollution components ozone, particulate
matter, and SO2 are associated with health
effects ranging from increased mortality
and hospital admissions to subtle changes
in lung function at low to very low concen-
trations. Indeed, several studies have sug-
gested that for some of these effects, it is
difficult to establish any threshold at all.
Before accepting the potentially large pub-
lic health implications ofthese recent find-
ings, the validity ofthe study results needs
to be discussed with respect to exposure
assessment, treatment of time-varying
potential confounders, and statistical treat-
ment of the data. Rather than trying to
summarize the often extensive discussions
on these topics contained in the original
papers, we will point out some common
strengths and weaknesses in the studies dis-
cussed in the previous sections.
ExposureAssessment
The studies discussed in this article have in
common that they focus on time-varying
exposures and health effects. Ideally, one
would like to know the temporal develop-
ment of personal exposure for all subjects
studied. In practice, this has not been feasi-
ble in the studies reviewed here. The best
exposure assessment was probably made in
some of the investigations in which effects
of ozone on subjects exercising outdoors
were studied (9-13,18-22). Byfocusing on
subjects exercising outdoors, complications
Table 3. Summary of studies relating 24-hr average SO2 concentrations of less than 200 pg/m3 or 24-hr average
NO2 concentrations of less than 150 pg/mr3 with specific effects on human health.
Category ofhealth effect
Hospital Symptom Lungfunction
Concentration Mortality admissions exacerbations changes Reference
<200(SO2,
>99% ofdays) - Mackenbach etal.(47)
<200 ? (S02) + Saez etal. (48)
<72(S02) + Sunyer etal. (32,33)
<176(S02)
<79 (NO2) Lipfert et al. (50)
<130(S02) + Vedal etal. (51)
<81 (S02)
<95(N02) + + P6nk(52)
<100 (S02) Moseholm et al. (53)
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due to the sometimes large differences
between indoor and outdoor ozone concen-
trations are avoided. On the other extreme
are studies in which daily mortality or hos-
pital admissions in large areas have been
linked to air pollution concentrations mea-
sured at only one location, sometimes not
even on a daily basis. Such studies rely on
existing mortality or hospital admission reg-
istrations, which usually do not permit
identification of the whereabouts of the
affected individuals in the days before they
died or were admitted to the hospital.
These subjects were presumably already dis-
eased and may have been spending most if
not all of their time indoors before they
died or were admitted to a hospital.
Because indoor concentrations for all pollu-
tants discussed in this article may be
markedly different from outdoors, there is
understandable concern about the validity
of exposure assessments based on measure-
ments made at one or a few outdoor loca-
tions (54). This concern is further
increased by the poor correlation seen
between personal exposure measurements
and ambient concentrations in some studies
(55). However, most of these personal
monitoring studies were cross-sectional in
design, and there is virtually no empirical
data on the correlation between personal
exposure measurements and ambient con-
centrations as they develop over time. In
one study, indoor particle and NO2 con-
centrations were shown to follow ambient
concentrations closely when an air pollu-
tion episode occurred, regardless of the
presence of indoor sources of these pollu-
tants (56). Until the issue of the correla-
tion in time between personal and ambient
exposure has been solved, it will not be pos-
sible to conclude that ambient concentra-
tion measurements are related to personal
exposure measurements to such an extent
that relationships between ambient concen-
trations and health events are plausible.
Misclassification of exposure in studies on
short-term health effects is likely to be non-
differential and would bias the effect esti-
mates toward the null rather than away
from it.
TreatmentofConfoundersVarying
withTime
The advantage oftime series studies is that
many of the variables that may confound
relationships between air pollution and
chronic health effects cannot confound
short-term temporal relationships between
air pollution and health because they have
no short-term variation in time. Examples
of such variables are gender, smoking
habits, socioeconomic status, etc. Never-
theless, other determinants of mortality,
hospital admissions, acute symptom exac-
erbations, and lung function changes do
vary over time, and these determinants
need to be taken into account. Important
time-varying potential confounders are
weather variables and infectious disease
epidemics that may be causally unrelated to
air pollution changes. Few of the studies
cited in this article have failed to take
weather variables into account in the analy-
sis ofthe data. However, there has been no
uniform method of doing so, and the
number of weather variables taken into
account has varied markedly from study to
study. An extreme example is the study by
Mackenbach et al. (47), in which 15
weather variables of different time lags
were included in the statistical model.
Other investigators have taken a more bal-
anced approach in sorting out the indepen-
dent effects ofweather and pollution.
Failure to adjust for confounders that
vary in time may lead to either under- or
overestimation ofthe effect ofair pollution.
StatisticalTreatmentoftheData
Health end points such as daily mortality,
hospital admissions, or respiratory symp-
tom reports are often observed to be corre-
lated day to day (autocorrelation). This is
not because a health event such as a death
on one day is causally related to similar
health events on the next day. Rather, the
underlying causes such as infectious dis-
ease, weather, or air pollution tend to be
highly correlated day to day. Therefore, an
appropriate model ofa time series ofhealth
events should show no autocorrelation in
the residuals. Autocorrelation ofthe model
residuals is an indication of incomplete or
inadequate specification ofthe causal asso-
ciations, which implies that confounding
ofthe air pollution associations by unmea-
sured or mismodeled covariates is possible.
One solution is to include a specification of
the autocorrelation in the model, as has
been done in almost all of the studies
reviewed. However, it should be recog-
nized that this maylead to instability ofthe
estimated air pollution associations because
ofthe high day to day correlation ofthe air
pollution exposures. Ideally, the optimal
model of air pollution would exhibit no
autocorrelation of the residuals.
Nevertheless, the inclusion of autocorrela-
tion effects in the model is generally felt to
produce a conservative estimate of the air
pollution effect size and standard error.
Many ofthese analyses have considered
health end points that are clearly not
Gaussian in their distribution, and concern
has been raised regarding the appropriate
transformations of the data and specific
analytic methods. A related issue has been
concern for methods for removing seasonal
or other long-wave length patterns in the
data before evaluating short-term effects.
An important principle to consider is that
statistics is only a tool that allows us to
model reality. All statistical techniques pro-
vide approximations of the true associa-
tions. The validity ofthe estimates depends
on how well the real data fit the assump-
tions of the statistical method. Thus it is
wrong to suggest that a specific statistical
method provides the "right" estimate of
association. In fact, a result that is sensitive
to the statistical method being used should
be viewed with some skepticism; for exam-
ple, air pollution associations should be
robust to the analytic methods used. This
is the case for the health end points dis-
cussed here. New analysis techniques such
as "neural network" methods (53) need to
be considered in the context ofmore tradi-
tional methods ofanalysis for this reason.
PublicHealth Implications
The health effects found to be associated
with dailyvariations in the concentration of
common air pollutants vary from changes
in daily mortality to small, reversible
changes in lung function. For particles
especially, the body of evidence suggests
that effects on mortality, hospital admis-
sions, exacerbation of respiratory symp-
toms, and lung function all occur at com-
parable, low levels of exposure. Daily
counts ofmortality and hospital admissions
for COPD or asthma are low, so the num-
ber ofsubjects affected by air pollution on
any given day is low as well, compared to
the size ofthe population. In contrast, tran-
sient effects on lung function may be
observed in the majority ofthe population,
and symptom exacerbation may be detected
in asthmatics and COPD patients, who
may comprise 5 to 10% ofthe population.
The apparent paradox ofeffects ofvery dif-
ferent severity occurring at similar levels of
exposure can therefore be solved by taking
the frequency of occurrence into account.
Small changes in lung function, or slight
exacerbations of symptoms, that can easily
be tolerated by healthy subjects or even
mildly diseased subjects may lead to a need
for acute hospitalization among the more
severely ill and may even become life threat-
ening among those who are in very bad
health already. Of course, this raises the
question of how serious the observed rela-
tionships between particulate air pollution
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and daily mortality are from a public health
point ofview. The effects on mortality tend
to be greater among the elderly, although
theyare not restricted to the oldest age cate-
gories. Ifdaily variations ofparticulate mat-
ter at a low level lead to some "harvesting"
effect implying that terminally ill subjects
die a few days or weeks earlier than they
would have, the public health importance is
not as great as when subjects in all age
classes and in various states of health are
affected. Unfortunately, little is known
about the subjects making up the slight
excesses in daily mortality associated with
air pollution. We do know that at much
higher levels, such as those observed in the
London smog episode of 1952, some sub-
jects suddenly died on the streets or at work
(57). There is a need to gain more insight
into the number ofdays or years oflost life
associated with particulate-matter air pollu-
tion, so that the public health implications
of these associations can be assessed more
fully. In this respect, a recent report from
the United States (58) offers intriguing
observations. In a follow-up study extend-
ing over a 16-year period, low levels ofpar-
ticulate-matter pollution were found to be
associated with mortality independent of
smoking, occupational exposure, body mass
index, age, sex, and education. Yearly aver-
age inhalable particulate matter levels (mea-
sured as either PM15 or PM10 in the
study) ranged from 18 to 47 pg/mi3 with
little trend over time, and the relative risk,
comparing the most polluted city with the
least polluted city, was 1.26. These new
data suggest that the associations found in
the daily time series studies may imply a
significant loss oflife expectancy.
Quantitatively, the relationships
between daily variations in particulate-mat-
ter air pollution and mortality have been
expressed in several papers as percentage
increase in mortality associated with a cer-
tain increase in PM pollution. The magni-
tude of the increase has been estimated to
range from 4 to 7% per 100 pg/m3 TSP
(25,27,28) and 16% per 100 pg/m3 PM1O
(26,29). All ofthese were studies conducted
in the United States, and when we take a
conversion factor of 0.55 (PM1O/TSP, cf.
above) into account, the TSP coefficients
translate into estimated PM10 effects of7 to
13% per 100 pg/m3. The consistency of
these effect estimates is high.
For hospital admissions, effects have
been estimated at a 24% increase of
COPD admissions per 100 pg/m3 in
Barcelona (32,33), and a 40% increase of
asthma admissions per 100 pg/m3 PM1O
in Seattle (34). There are no data to make
a reliable conversion of black smoke into
PM10 for Barcelona, but if the 1:1 rela-
tionship mentioned earlier were valid there
as well, the consistency of the effect esti-
mates from these two separate studies is
again high.
Effects ofPM1O on peak flow ofpanels
of children were reported in five recent
papers (39,40,42,44,45). Estimated effects
ranged from -40 to -110 ml/sec peak flow
change per 100 pg/m3 PM1O-again a
remarkable consistency over five indepen-
dent study populations. Such changes rep-
resent a mean change in peak flow on the
order of 2 to 4% per 100 pg/m3 PM10,
which in itself is not large; but especially in
panels ofasthmatic children, these changes
have been found to be accompanied by sig-
nificant increases in acute respiratory symp-
toms and/or medication use (39,40, 42).
Quantitative exposure-response rela-
tionships for ozone are mostly available for
effects on short-term changes in lung func-
tion, notably, peak flow (10,11,15,17-19,
21,22). The estimated coefficients range
from -100 ml/sec per 100 pg/mi3 ofozone
3
to -460 ml/sec per 100 pg/m . The higher
coefficients were found in studies among
exercising adults. These coefficients repre-
sent seemingly larger effects of ozone than
of particles on lung function, of a 100
pg/m3 change. However, there is less evi-
dence of effects of ozone on acute symp-
toms and medication use
Conclusions
Since the development of the WHO Air
Quality Guidelines for Europe, a large
number ofepidemiologic studies have been
published documenting effects ofmajor air
pollutants on health at concentrations
below existing guidelines and standards.
For ambient ozone, effects on lung
function of subjects exercising outdoors
have been documented at 1-hr maximum
levels not exceeding 120 pg/m3, i.e., half
the current U.S. EPA standard.
Several studies are now available docu-
menting effects of particulate air pollution
on health in the virtual absence of SO2.
Effects on mortality and hospital admissions
for asthma have been documented at levels
not exceeding 100 pg/mi3, expressed as 24-
hr average PM10 concentration. Effects on
lung function, acute respiratory symptoms,
and medication use have been found at 24-
hr average PM10 levels not exceeding 115
pg/m . When the WHO Air Quality
Guidelines and the U.S. EPA standard for
PM10 were developed, there were no stud-
ies available on health effects of PM10. In
this review, we have included nine studies
documenting health effects of measured
PM10 at low levels of exposure, indicating
that there is now an entirely new epidemio-
logic database that can be evaluated in the
process of revising current guidelines and
standards. The low levels of exposure at
which effects on health were seen under-
score the urgent need for such reevaluations.
REFERENCES
1. WHO. Air Quality Guidelines for Europe. WHO Regional
Publications, European Series No 23. Copenhagen:World
Health Organization, 1987.
2. U.S. EPA. National Primary and Secondary Air Quality
Standards. Fed Reg 44:8200-8213 (1979).
3. U.S. EPA. Ambient Air Quality Standards for Particulate
Matter: Final Rules. Fed Reg 52:24634-24655 (1987).
4. Bates DV. Health indices ofthe adverse effects ofair pollution:
the question of coherence. Environ Research 59:336-349
(1992).
5. Kinney PL, Ozkaynak H. Associations of daily mortality and
air pollution in Los Angeles county. Environ Res 54:99-120
(1991).
6. Ponki A. Asthma and low level air pollution in Helsinki. Arch
Environ Health 46:262-270 (1991).
7. Thurston GD, Ito K, Kinney PL, Lippmann M. A multi-year
study ofair pollution and respiratory hospital admissions in three
New York State metropolitan areas: results for 1988 and 1989
summers. J Expos Anal Environ Epidemiol 2:429-450 (1992).
8. Thurston G, Ito K, Lippmann M, Bates DV. Summertime
haze air pollution and asthma hospital admissions in Toronto,
Ontario. Am Rev Respir Dis 147:A634 (1993).
9. Avol EL, Linn WS, Shamoo DA, Spier CE, Valencia LM, Venet
TG, Trim SC, Hackney JD. Short-term respiratory effects of
photochemical oxidant exposure in exercising children. J Air
Poll ContrAssoc 37:158-162 (1987).
10. Spektor DM, Lippmann M, Lioy PJ, Thurston GD, Citak K,
James DJ, Bock N, Speizer FE, Hayes C. Effects of ambient
ozone on respiratory function in active, normal children. Am
Rev Respir Dis 137:313-320 (1988).
Volume 103, Supplement2, March 1995 1 1BRUNEKREEFETAL.
11. Spektor DM, Thurston GD, Mao J, He D, Hayes C,
Lippmann M. Effects ofsingle- and multi-day ozone exposures
on respiratory function in active, normal children. Environ Res
55:107-122 (1991).
12. Berry M, Lioy PJ, Gelperin K, Buckler G, Klotz J.
Accumulated exposure to ozone and measurement of health
effects in children and counselors in two summer camps.
Environ Res 54:135-150 (1991).
13. Thurston G, Lippmann M, Bartoszek M, Fine J. Air pollution
associations with asthma exacerbations, peak flow changes and
respiratory symptoms in children at a summer asthma camp.
Am Rev Respir Dis 147:A633 (1993).
14. Kinney PL, Ware JH, Spengler JD, Dockery DW, Speizer FE,
Ferris BG Jr. Short-term pulmonary function change in associ-
ation with ozone levels. Am Rev Respir Dis 139:56-61 (1989).
15. Krzyzanowski M, Quackenboss JJ, Lebowitz MD. Relation of
peak expiratory flow rates and symptoms to ambient ozone.
Arch Environ Health 47:107-115 (1992).
16. Hoek, G. Acute effects of ambient air pollution episodes on
respiratory health of children. Thesis, Department of
Epidemiology and Public Health, University of Wageningen,
Netherlands, 1992.
17. Hoek G, Fischer P, Brunekreef B, Lebret E, Hofschreuder P,
Mennen MG. Acute effects of ambient ozone on pulmonary
function of children in the Netherlands. Am Rev Respir Dis
147:111-117 (1993).
18. Hoek G, Brunekreef B, Kosterink P, Van de Berg R,
Hofschreuder P. Effect ofambient ozone on peak flow ofexer-
cising children in the Netherlands. Arch Environ Health
48:27-32 (1993).
19. Spektor DM, Lippmann M, Thurston GD, Lioy PJ, Stecko J,
O'Connor G, Garschick E, Speizer FE, Hayes C. Effects of
ambient ozone on respiratory function in healthy adults exer-
cising outdoors. Am Rev Respir Dis 138:821-828 (1988).
20. Korrick SA, Gold DR, Dockery DW, Rosner BA, Speizer FE.
Mount Washington revisited: the respiratory effects of hiking
in ambient ozone. Am Rev Resp Dis 147:A634 (1993).
21. Brunekreef B, Hoek G, Breugelmans 0, Leentvaar M.
Respiratory effects of low-level photochemical air pollution in
amateur cyclists. Am J Resp Crit Care Med 150:962-966
(1994).
22. Braun-Fahrlander Ch, Kunzli N, Domenighetti G, Carell CF,
Ackermann-Liebrich U. Acute effects ofambient ozone on res-
piratory function of Swiss school children after a 10 minutes
heavy exercise. Pediatr Pulmonol 17:169-177 (1994).
23. Horstman DH, Folinsbee LJ, Ives PJ, Abdul-Salaam S,
McDonnell WF. Ozone concentrations and pulmonary
response relationships for 6.6-hour exposures with 5 hours of
moderate exercise to 0.08, 0.10, and 0.12 ppm. Am Rev Respir
Dis 142:1158-1163 (1990).
24. SchwartzJ, Marcus A. Mortality and air pollution in London: a
time series analysis. Am J Epidemiol 131:185-194, 631-633
(letter) (1990).
25. Schwartz J. Particulate air pollution and daily mortality in
Detroit. Environ Res 56:204-213 (1991).
26. Pope CA III, Schwartz J, Ransom MR. Daily mortality and
PM10 pollution in Utah Valley. Arch Environ Health
47:211-217 (1992).
27. Schwartz J, Dockery DW. Increased mortality in Philadelphia
associated with daily air pollution concentrations. Am Rev
Respir Dis 145:600-604 (1992).
28. Schwartz J, Dockery DW. Particulate air pollution and daily
mortality in Steubenville, Ohio. Am J Epidemiol 135:12-19
(1992).
29. Dockery DW, Schwartz J, Spengler JD. Air pollution and daily
mortality: associations wit particulates and acid aerosols.
Environ Res 59:362-373 (1992).
30. SchwartzJ, Spix C, Wichmann HE, Malin E. Air pollution and
acute respiratory illness in five German communities. Environ
Res 56:1-14 (1991).
31. Diaz-Caneja N, Gutierrez I, Martinez A, Matorras P, Villar E.
Multivariate analysis ofthe relationship between meteorological
and pollutant variables and the number ofhospital admissions
due to cardio-respiratory diseases. Environ Int 17:397-403
(1991).
32. Sunyer J, Anto JM, Murillo C, Saez M. Effects of urban air
pollution on emergency room admissions for chronic obstruc-
tive pulmonary disease. AmJ Epidemiol 134:277-286 (1991).
33. Sunyer J, Saez M, Murillo C, Castellsague J, Martinez F, Anto
JM. Air pollution and emergency room admissions for chronic
obstructive pulmonary disease: a 5-year study. Am J Epidemiol
137:701-705 (1993).
34. Schwartz J, Slater D, Larson TV, Pierson WE, Koenig JQ.
Particulate air pollution and hospital emergency room visits for
asthma in Seattle. Am Rev Respir Dis 147:826-831 (1993).
35. Walter S, Griffiths RK, Ayres JG. Temporal association
between hospital admissions for asthma in Birmingham and
ambient pollution levels. Thorax 49:133-140 (1994).
36. Ostro BD, Lipsett MJ, Wiener MB, Selner JC. Asthmatic
responses to airborne acid aerosol. Am J Publ Health
81:694-702 (1991).
37. Forsberg B, Stjernberg N, Falk M, Lundback B. Wall S. Air
pollution levels, meteorological conditions and asthma symp-
toms. Eur RespirJ 6:1109-1115 (1993).
38. Braun-Fahrldnder Ch, Ackermann-Liebrich U, Schwartz J,
Gnehm HP, Rutishauser M, Wanner HU. Air pollution and
respiratory symptoms in preschool children. Am Rev Respir
Dis 145:42-47 (1992).
39. Pope CA III, Dockery DW, Spengler JD, Raizenne ME.
Respiratory health and PM10 pollution-a daily time series
analysis. Am Rev Respir Dis 44:668-674 (1991).
40. Pope CA III, Dockery DW. Acute health effects ofPM1O pol-
lution on symptomatic and non-symptomatic children. Am
Rev Respir Dis 145:1123-1128 (1992).
41. Ransom MR, Pope CA III. Elementary school absences and
PM1O pollution in Utah Valley. Environ Res 58:204-219
(1992).
42. Roemer W, Hoek G, Brunekreef B. Effect of wintertime air
pollution on respiratory health ofchildren with chronic respira-
torysymptoms. Am Rev Respir Dis 147:118-124 (1993).
43. Brunekreef B, Hoek G. The relationship between low-level air
pollution exposure and short-term changes in lung function in
Dutch children. J Expo Anal Environ Epidemiol 3: (Suppl 1)
117-128 (1993).
44. Hoek G, Brunekreef B. Acute effects of a winter air pollution
episode on pulmonary function and respiratory symptoms of
children. Arch Environ Health 48:328-335 (1993).
45. Hoek G, BrunekreefB. Effects oflow level winter air pollution
on respiratory health of Dutch children. Environ Res
64:136-150 (1994).
46. Dockery DW, Pope CA III. A review of the acute respiratory
effects of particulate air pollution. Ann Rev Publ Health
15:101-132 (1994).
47. Mackenbach JP, Looman CWN, Kunst AE. Air pollution,
lagged effects of temperature and mortality: Netherlands,
1979-1987. J Epidemiol Commun Health 47:121-126
(1993).
48. Saez M, Sunyer J, Castellsagu6 J, Murillo C, Anto JM.
Relationship between weather temperature, air pollution and
mortality in Barcelona. Eur RespirJ 6:346s (1993).
49. Bates DV, Baker-Anderson M, Sizto R. Asthma attack period-
icity: a study of hospital emergency visits in Vancouver.
Environ Res 51:51-70 (1990).
50. Lipfert FW, Hammerstrom T. Temporal patterns in air pollu-
tion and hospital admissions. Environ Res 59:374-399 (1992).
51. Vedal S, Schenker MB, Munoz A, Samet JM, Batterman S,
Speizer FE. Daily air pollution effects on children's respiratory
symptoms and peak expiratory flow. Am J Publ Health
77:694-702 (1987).
52. PonkA A. Absenteeism and respiratory disease among children
and adults in Helsinki in relation to low level air pollution in
Helsinki. Environ Res 52:34-46 (1990).
53. Moseholm L, Taudorf E, Frosig A. Pulmonary function
changes in asthmatics associated with low-level SO2 and NO2
12 Environmental Health PerspectivesHEALTHEFFECTS OFAMBIENTAIRPOLLUTION
air pollution, weather, and medicine intake-an 8-month
prospective study analyzed by neural networks. Allergy
48:334-344 (1993).
54. Utell MJ, Samet JM. Particulate air pollution and health-new
evidence on an old problem. Am Rev Respir Dis 147:1334-1335
(1993).
55. Clayton CA, Perritt RL, Pellizzari ED, Thomas KW, Wallace
LA. Particle total exposure assessment methodology (PTEAM)
study: distributions ofaerosol and elemental concentrations in
personal, indoor, and outdoor air samples in a southern
California community. J Expo Anal Environ Epidemiol
3:227-250 (1993).
56. Hoek G, Brunekreef B, Hofschreuder P. Indoor exposure to
airborne particles and nitrogen dioxide during an air pollution
episode. J Air Poll Contr Assoc 39:1348-1349 (1989).
57. Ministry of Health, London. Mortality and morbidity during
the London fog of December, 1952. London:Her Majesty's
Stationery Office. Reports on Public Health and Medical
Subjects No 95, 1954.
58. Dockery DW, Pope CA III, Xu X, Spengler JD, Ware JH, Fay
ME, Ferris BG, Speizer FE. An association between air pollu-
tion and mortality in six US cities. New Engl J Med
329:1753-1759 (1993).
Volume 103, Supplement2, March 1995 13